Introduction
Although employing IFNβ and glatiramer acetate has been a major advance in treating multiple sclerosis (MS), their effects are limited and marginal, and in many cases they fail to prevent MS progression. 1, 2 Moreover, some of the recently approved medications also prompt unexpected and undesired side effects, such as unusual central nervous system infections and opportunistic and uncommon neoplasms. [3] [4] [5] While both the cause and cure for MS remain elusive, different genetic and environmental factors have been implicated in its pathogenesis. 6 Traditionally, MS has been classified and studied as an autoimmune disease in which the immune system reacts against self-antigens with loss of tolerance. 7, 8 Many of the older approved therapies for MS such as IFNβs have been developed based on this hypothesis. In fact, MS is a complex disease, 9 and abnormal immune-system activity is one of the variables involved in its pathogenesis. On the other hand, many studies have demonstrated that activity of the immune system leads to the expression of neurotrophic factors. Therefore, mere suppression of the immune system can interrupt regeneration and repair. 10, 11 Some studies have shown that impaired homeostasis of iron, mitochondrial dysfunction, oxidative stress (OS) in the central nervous system, increase in intracellular free calcium, and death of oligodendrocytes have an important role in MS pathogenesis. [12] [13] [14] Therefore, it is necessary to design and construct multifunctional medications that can target multiple aspects of the disease pathogenesis and affect the pathological events in a smart and balanced manner. For example, iron plays a key role in hematopoiesis and many other biochemical processes essential for normal brain function. 15, 16 Therefore, despite the available evidence verifying the role of disturbance in iron metabolism in MS pathogenesis, [17] [18] [19] mere indiscriminate chelation or removal of this element cannot prompt a critical event, such as remedy, in patients. 20 It is rather proper iron redistribution that is required in this complicated situation. 21 In recent years, the use of nanotechnology has been well established both in pharmaceutical research and clinical settings. The properties of matter differ immensely on the nanoscale, leading to a smarter reaction toward in vivo chemical and physical changes. 22, 23 In the current study, we evaluated the effects of MSc1 nanocomplex on experimental autoimmune encephalomyelitic (EAE) mice for the first time. This nanocomplex was designed based on modern nanochelating technology with a dominant affinity for iron.
Available reports imply that OS has an important role in the pathogenesis of MS and EAE. 24 Therefore, the possible factors for treating the disease must have the capacity to inhibit the deleterious mechanisms prompted by OS. 25 One of the common models for mimicking OS in vitro involves using H 2 O 2 and the pheochromocytoma (PC)-12 cell line. 26 Therefore, we used this common cellular model for evaluating the effect of MSc1 on preventing OS-associated neuronal death. To investigate the effect of iron binding on the antioxidative behavior of the nanocomplex, a structure was designed in which iron was bound to MSc1. Henceforward, in this paper, the nanocomplex bound to iron will be expressed as MSc1-Fe.
Materials and methods

Materials and instrumentation
MSc1 was synthesized by Sodour Ahrar Shargh company (Tehran, Iran). Hydrogen peroxide (H 2 O 2 ), sodium isothiocyanate, dimethyl sulfoxide, FeCl 3 , nitric acid, acetone, methanol, and formalin were purchased from Merck (Darmstadt, Germany). Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park Memorial Institute (RPMI) medium, fetal bovine serum (FBS), penicillin G and streptomycin (pen/ strep; 100 μg/mL), and 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Hematoxylin and eosin (H&E), Luxol fast blue (LFB), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 99% (MTT), and Freund's adjuvant were acquired from Sigma-Aldrich (St Louis, MO, USA). Bordetella pertussis toxin, encephalitogenic peptide MOG35-55, and Mycobacterium tuberculosis were purchased from Enzo Life Sciences (Farmingdale, NY, USA).
Equipment and instruments used were as follows: electrical conductance meter and pH meter (BEM802; Milwaukee Instruments, Rocky Mount, NC, USA), rheometer (Brookfield Engineering Laboratories, Middleboro, MA, USA), atomic absorption spectrometer (2100; PerkinElmer, Waltham, MA, USA), transmission electron microscope (CM-200 FEG; Philips, Amsterdam, the Netherlands), Spectrum Two™ infrared (IR) spectrometers (L160000A; PerkinElmer), absorbance microplate readers (ELx800™; BioTek, Winooski, VT, USA), automated blood analyzer (XS-800i; Sysmex Corporation, Kobe, Japan), and light microscope (Axio Scope.A1; Carl Zeiss Meditec, Jena, Germany).
cell culture
Rat neuronal cells (PC12) were purchased from the National Cell Bank of the Pasteur Institute (Tehran, Iran). PC12 cells were cultured in DMEM supplemented with 10% FBS and pen/strep. Cells were cultured under a humidified atmosphere of 95% air with 5% CO 2 at 37°C in 25 cm 2 culture flasks. When cells reached 80% confluence, they were detached and replated using 0.25% trypsin-EDTA. 
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Therapeutic effects of Msc1 nanocomplex Sciences. All the inbred male C57/BL6 mice were maintained in large group houses under 12-hour dark/light cycles with proper access to food and water.
synthesis and characterization of Msc1 and Msc1-Fe
MSc1 was designed and synthesized by Sodour Ahrar Shargh company using nanochelating technology. 27, 28 Ten milligrams of a dry organic chelating agent was dissolved in distilled water at 70°C. The chelating agent solution was kept at 70°C for 5 hours or until the solution became clear. Two nitrogen source powders were mixed with the chelating agent solution at ratios of 1:2:10. This procedure was carried out without cosolvent, only in water solution, and with NH 4 OH as the final reagent. The reaction was continued for about 3 hours, and the temperature increased to 80°C for 10 hours or until the solution dried into the form of a powder. Finally, all samples were sintered at 800°C for 4 hours and then ground to powder.
For MSc1-Fe synthesis, 1 mg of MSc1 was dissolved in distilled water at 40°C for 10 minutes. Then, 7 mg of FeSO 4 was added to the solution and mixed until a clear solution was obtained. This solution was dried at 80°C to produce MSc1-Fe powder.
Normal ph of Msc1
The normal pH of MSc1was assessed via a pH meter with glass electrodes, based on the potential difference of an electrochemical cell. For this purpose, MSc1 was dissolved in deionized water to a final concentration of 1 mg/mL, and then its pH was examined at 25°C.
electrical conductance
MSc1 electrical conductance (EC) was evaluated by an EC meter at a constant temperature of 25°C in a 1 mg/100 mL MSc1 solution. Deionized water with electrical conductivity of less than 0.1 μS/cm was used as the criterion according to the standards (International Organization for Standardization 3696).
Msc1 density
MSc1 density was evaluated in the standard conditions by a pycnometer.
high-resolution transmission electron microscopy
MSc1 high-resolution transmission electron microscopy (HRTEM) images were captured by a transmission electron microscope in the University of Tehran Science and Technology Park.
Infrared spectroscopy
MSc1 functional groups were characterized by IR spectroscopy in the 400-4,000 cm −1 range at the Shahid Beheshti University.
evaluation of Msc1 toxicity
Standard tests were carried out for assessing the median lethal dose (LD 50 ) according to guideline 420 of the Organization for Economic Co-operation and Development in the School of Pharmacy at Tehran University of Medical Sciences.
analyzing the chelating characteristics of Msc1
To verify the chelating quality of MSc1, complex metric titration was performed and sodium isothiocyanate was used as the indicator for color change and spectrometry. An adequate amount of FeCl 3 was dissolved in distilled water to reach a final concentration of 1 mg/mL, and this was used to obtain the absorption spectrum at wavelengths of 400-600 nm. Afterwards, different concentrations of MSc1 were added to this solution, and the decrease in the absorption spectrum, which indicated iron chelation by MSc1, was evaluated.
analyzing the ability of Msc1 to maintain an iron bond at different ph ranges A solution that contained a given concentration of MSc1 and FeSO 4 was prepared and mixed until no deposition could be observed. Subsequently, acid or alkaline was added to the sample to prepare acidic or alkaline pH ranges 1-7, and the absorbance of the solution was measured at wavelengths of 248.33 nm by atomic absorption spectroscopy.
Measuring cell-protection capacity against h 2 O 2 -induced oxidative injury
In the experimental studies, H 2 O 2 was used for simulating OS-induced cell death. 29 Rat PC12 cells were plated at a density of 1×10 4 cells/well in 96-well plates in 100 μL RPMI. The cells were treated with several concentrations of MSc1 (0.012 mM, 0.024 mM, 0.12 mM, 0.24 mM, 1.2 mM, and 2.4 mM) for 24 hours, and were then incubated with 300 μM 
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Fakharzadeh et al added to stop the reaction. Finally, the formazan dye crystals were solubilized for 15 minutes, and the absorbance was measured using a microplate reader at a test wavelength of 570 nm and reference wavelength of 630 nm. For evaluating the effect of iron binding on MSc1 antioxidative behavior, these tests were repeated using MSc1-Fe.
eae induction in c57/Bl6 mice C57/BL6 mice were inoculated subcutaneously in the flank with 0.1 mL of an emulsion containing 200 μg of the MOG35-55 and an equal volume of complete Freund's adjuvant supplemented with 4 mg/mL Mycobacterium tuberculosis. Mice were injected intraperitoneally with 400 ng of pertussis toxin on the day of immunization and 2 days after.
Treatment of eae mice with Msc1
On day 14, once the clinical manifestations of EAE appeared, the mice with EAE were randomly divided into four groups forming the control, low-dose (100 μg/kg), medium-dose (400 μg/kg), and high-dose groups (1,000 μg/kg), each consisting of six mice. In order to compare weight, hematological parameters, and hepatic iron levels properly, another group consisting of six healthy 6-week-old mice was monitored along with those four groups until the end of the study.
MSc1 was dissolved in distilled water and intraperitoneally injected once a day until day 54 after disease induction. The mice in the control group were injected daily with distilled water. Clinical scores of the mice were observed daily from day 14 to 54 after disease induction. The scoring scale is presented in Table 1 . During this time, body mass was also measured frequently.
hepatic iron levels
Hepatic iron levels were determined by atomic absorption spectrometry with a deuterium background correction using acetylene-air flame atomization. Measurements were performed with an analytical line of 248.3 nm in a spectral interval of 0.2 nm. Iron concentration was ascertained by the standard addition method. Sample digestion was accomplished in an MDS-2000 microwave sample-preparation system (CEM, Matthews, NC, USA) in Teflon cartridges using a mixture of nitric acid (5 mL) and H 2 O 2 (2 mL) for 20 minutes at 120 psi pressure. The resulting product was analyzed directly in Teflon cartridges.
assessment of hematologic parameters
On the 54th day after disease induction, blood specimens were collected from orbital sinuses of the mice. All of the procedures were performed according to the approved protocols for animals. Red blood cell (RBC) count and hemoglobin (Hb) levels were measured for each sample with the Sysmex automated blood analyzer.
White blood cell differential count
Cells were fixed on glass slides with acetone-free methanol. Then, alkali or acidic dyes like eosin were used to react with the basic cellular section, such as Hb, and acidic cellular elements, such as nucleic acids. Afterward, 100 cells were counted with an optical microscope in different fields, and the types of hematologic cells were reported.
histological analysis
The mice were killed 54 days after induction of EAE, and their brains were removed and fixed in 10% formalin. Paraffin-embedded sections (4 μM) were stained. H&E-and LFB-stained sections were finally examined with the Zeiss microscope, and images were captured using Spot Insight (Diagnostic Instruments, Sterling Heights, MI, USA).
statistical analysis
Maximum clinical scores were analyzed using the Mann-Whitney U-test, while other clinical parameters were analyzed using the Student's t-test.
Results
characterization of Msc1
The results showed that MSc1 PH, EC, and density were 8.7, 8.09 μS/cm and 0.4 g/cm 3 respectively.
Msc1 size
Imaging and analytical characterization of nanoparticles by HRTEM is commonly performed to determine their size. The images of MSc1 indicated that the size of the nanocomplex was about 23-25 nm (Figure1, A and B). Figure 1B ).
Msc1 lD 50
The MSc1 toxicity report indicated that the intraperitoneal LD 50 of this nanocomplex for mice was 1,776.59 mg/kg. Therefore, this nanocomplex was classified as nontoxic (Table 2) .
A B Number of particles
Particle size (nm) 
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Msc1 chelating property
Our results showed that elevated concentrations of MSc1 co-occurred with a decrease in the iron-absorption spectrum, which was an indicator of iron chelation. The spectrum demonstrated that more iron was chelated at higher concentrations of MSc1 ( Figure 1C ).
Maintaining iron bond at ph ranges 1-7
The results indicated that at pH ranges 1-7, MSc1 constantly preserved its bond to iron ( Figure 1D ).
Msc1 and Msc1-Fe cell protection against h 2 O 2 -induced oxidative injury
Cell viability was assessed in PC12 cells pretreated with MSc1 or MSc1-Fe that were exposed to H 2 O 2 for 24 hours.
The results demonstrated that cell viability increased, up to 20% at the optimum dose (0.012 mM), among all the cells treated with MSc1 in comparison to the positive control (Figure 2A; n=3) . Likewise, when comparing the positive control with MSc1-Fe-treated cells, an increase in cell viability was observed in the 0.012 mM, 0.024 mM, 0.12 mM, and 0.24 mM MSc1-Fe-treated cells, among which the first was the optimum dose ( Figure 2B ). The results showed that except for the concentrations of 1.2 (MSc1-Fe was better than MSc1), 0.24, and 0.024 mM (MSc1 was better than MSc1-Fe), no significant difference was observed in the viability of the cells treated either with MSc1 or MSc1-Fe at other concentrations ( Figure S1 ).
Measuring clinical scores in the animals
Clinical scores were evaluated in all four groups of the EAE mice. In the control group, clinical scores increased from day 14 after EAE induction and reached their maximum on day 24 ( Figure S2 ). The low and medium doses of MSc1 were effective in limiting disease progression ( Figure 3A) . On day 54, the mean clinical score had decreased to 0.5-and 1.35-fold in the low-and medium-dose groups, respectively ( Figure 3 , A and B), while it had increased eightfold in the control group. In addition, a significant difference was noticed in the clinical scores of the MSc1-treated and control groups on most days. It is noteworthy that the clinical score had increased eightfold in the control group by 54 days after EAE induction, while it merely increased 2.5-fold in the high-dose group ( Figure 3 , A and C). At the end of the experiment, the mean clinical scores were 4.8, 0.5, 1.33, and 4.8, respectively, for the control, low-, medium-, and high-dose groups ( Figure 3A ; n=6). 
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Among the control group, EAE caused the first death on day 25 and the second death on day 36. However, EAE did not induce any deaths among the MSc1-treated groups until the last day of the monitoring period. According to the cumulative survival graph, the survival probability in the control group was 66.7%, while it was 100% in the MSc1-treated groups ( Figure 4A ). 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7 2 9 3 1 3 3 3 5 3 7 3 9 4 1 4 3 4 5 4 7 4 9 5 1 
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The body weights of the EAE mice were measured and compared from day 14 after immunization. Maintaining body mass could be a sign of health restoration in the treated EAE mice. It is worth mentioning that during the peak of the symptoms and clinical score, the body mass in the MSc1-treated groups was preserved or even increased. For instance, on day 28 post-EAE induction, the body weight in the control, healthy-, low-, medium-, and high-dose groups increased was 7%, 16%, 9%, 20%, and 12% compared to day 14, respectively, indicating the highest increase in body mass was observed among the mice treated with the medium dose of MSc1 (Figure 4 , B and C).
hematologic parameters
With regard to the chelating nature of MSc1, a lack of irondeficiency anemia among the MSc1-treated mice was critical.
There was no significant difference in Hb level between the control, healthy-, medium-, and high-dose groups. However, it is notable that a significant rise of Hb was observed in the low-dose group compared against the control and healthy groups (n=6). The average values for RBC count with no significant difference in the healthy, control, low-, medium-, and high-dose groups were 10. Figure 5A and 5B).
hepatic iron levels
Average hepatic iron levels were measured in each group at the end of the experiment. In the high-dose group, the hepatic iron level was significantly higher than the control and healthy groups, which demonstrated iron accumulation in the liver. In the medium-dose group, hepatic iron levels were lower than in the healthy mice but not significantly different from the control group. In the low-dose group, hepatic iron levels were significantly greater than the control group and equal to those in healthy mice ( Figure 5C; n=6) .
White blood cell differential count
The results of white blood cell differential counts showed 88%, 38%, and 87% lymphocytes and 11%, 60%, and 2% segmented cells in each microscopic field, respectively, in the healthy, control, and medium-dose groups. Comparison of cell differential counts in the healthy and treated groups indicated that there was no significant difference between the percentage of lymphocytes and segmented cells in the treated groups and healthy mice (Table 3) .
histological report
The brains of the mice were removed for histopathologic evaluation after 54 days of disease induction. In H&E staining, lymphocytic infiltration was clearly present among the controlgroup mice ( Figure 6A ), while it was not detectable in the 
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Therapeutic effects of Msc1 nanocomplex MSc1-treated groups ( Figure 6B ). Moreover, leptomeningeal congestion and molecular and cytoplasmic shrinkage of neurons in the cerebellar and cerebral cortex (designating convulsion, ischemia, and oxygen deficiency in general) were observed in the control group. Periventricular edema in the white matter and a few scattering lymphocytes were also noticed. In addition, due to loss of myelin, some paleness and spongy tissue was perceived in the background ( Figure 6C ). In the high-dose group, a plaque area showing remnants of demyelinated tissue was observed in one sample, but the others showed no changes in white matter, nor did mice in the low-and medium-dose groups ( Figure 6D ).
Discussion
Employing modern nanochelating technology, we synthesized MSc1 nanocomplex based on a self-assembly method. It is noteworthy that in this study, we did not use pretreatment or even cotreatment in the first evaluation of MSc1 in animals with EAE. 30, 31 Our purpose was to design a therapeutic study, beginning our therapy 14 days after disease induction, when paralysis symptoms were observed among the samples. The graph of clinical scores of the animal models showed that on the peak day of EAE, which is usually between 20 and 30 days after disease induction, MSc1 had efficiently slowed the progression of the disease in comparison to the control group and reduced the clinical score in favor of curing the diseased mice in a dose-dependent manner. Some of the studies on EAE models have used the therapeutic method. In recent years, numerous studies have demonstrated potent neuroprotective, antioxidative, and immunomodulatory properties of epigallocatechin gallate (EGCG), a certain fraction of green tea that is an iron chelator. [32] [33] [34] Treatment of EAE mice with EGCG has had beneficial effects in suppression of the induced disease. 35 Despite the advantages of EGCG verified in various experiments, the structure of this flavonoid has deficiencies. Several studies have shown that EGCG could merely be active in a narrow range of pH and otherwise degraded. 36, 37 It is also remarkable that 
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Fakharzadeh et al after binding with iron, EGCG acts as a pro-oxidant and would be deleterious. 38 The present study indicated that MSc1 maintained iron bond at pH ranges 1-7. Binding with iron had no negative effects on the nanocomplex cell-protection capacity against H 2 O 2 -induced cell toxicity. These two characteristics are truly important, because while pH decreases in the inflamed regions, the iron bond with proteins becomes loose. 39, 40 A weak bond would lead to release and entrance of iron into cascades of pathological reactions, producing more OS and more inflammation, forming a vicious cycle: more inflammation, more OS, weaker iron bonds. 39, 41, 42 Lactoferrin is a natural iron chelator with antioxidative properties, and its anti-EAE characteristics have also been verified. 43 Mazurier and Spik showed that lactoferrin could maintain iron bond at pH 3. 44 However, Shoji et al reported that lactoferrin capacity to protect against H 2 O 2 cell toxicity decreases after binding with iron. 45 The MSc1 reactions to pH changes and oxidative conditions (after binding with iron), along with its nanoscale size ( Figure S3 ), supports MSc1 as an efficient agent for proper iron redistribution in the body and for properly breaking down the vicious cycle of inflammation and OS. MSc1 did not cause any loss of hepatic iron supplies. Moreover, in MSc1-treated groups, hematological indices, such as RBC count and Hb levels, were normal, and even a slight growth in Hb parameters were observed in the low-dose group compared to healthy mice. These results (normal Hb, RBC count, and liver iron content in nanocomplex-treated groups after 54 days of MSc1 injection), along with the chelating property of MSc1 and more importantly improvement of EAE mice in test groups, implies the iron-redistribution potency of MSc1. Moreover, its high LD 50 showed this complex to be a nontoxic compound.
Body-weight loss is a typical symptom in EAE mice, especially during the acute phase. [46] [47] [48] The significant point in the present study was the higher percentage of weight gain with the medium dose of MSc1 during the acute phase of disease compared to the control groups.
The white blood cell differential count showed the percentages of lymphocytes and segmented cells in the treated groups were similar to that of healthy mice. Wu et al demonstrated that neutrophils are one of the major inflammatory cells to initiate EAE and contribute to the pathogenesis of EAE. 49 In another study, Carlson et al reported that depletion of circulating polymorphonuclear leukocytes had therapeutic effects on EAE mice. 50 Therefore, a decrease in segmental cells along with the absence of demyelination or lymphocyte infiltration in MSc1-treated groups suggested the therapeutic effects of this nanocomplex.
Conclusion
A general overview of the obtained results is as follows: 1. Although treatment with MSc1 began after observing paralysis symptoms, the clinical score decreased in the test groups. 2. Demyelination was not seen in the brain sections of the MSc1-treated animals, while neurons in the same area were demyelinated or dead in the control groups. 3. White blood cell differential count results were similar between the MSc1-treated and healthy groups. 4. Anemia or reduction of hepatic iron levels was not noticed in the MSc1-treated mice. 5. MSc1 maintained its cell-protection properties against H 2 O 2 toxicity, even when bound to iron. 6. MSc1 preserved iron bound at pH ranges 1-7. 7. MSc1 increased body mass compared to the control group. In summary, these results indicate that MSc1 is a novel agent that needs to be further assessed for safety and efficacy in the context of clinical trials for MS. The International Journal of Nanomedicine is an international, peerreviewed journal focusing on the application of nanotechnology in diagnostics, therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors.
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